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Neurobiology of Disease
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Microglia are the brain-resident macrophages responsible for immune surveillance that become activated in response to injury, infection, environmental toxins, and other stimuli that threaten neuronal survival. Previous work from our group demonstrated that mice
deficient in Regulator of G-protein Signaling 10 (RGS10), a microglia-enriched GTPase activating protein (GAP) for G-protein ␣ subunits,
displayed increased microglial burden in the CNS at birth and developed a parkinsonian phenotype after exposure to chronic systemic
inflammation, implicating a neuroprotective role for RGS10 in the nigrostriatal pathway. While it is known that RGS10 is expressed in
both microglia and certain subsets of neurons, it is not known whether RGS10 functions similarly in both cells types. In this study we
sought to delineate the specific role of RGS10 in microglia and identify the molecular pathway(s) required for RGS10 to exert its actions
in microglia. Here, we identify RGS10 as a negative regulator of the nuclear factor B(NF-B) pathway in microglia and demonstrate that
the proinflammatory and cytotoxic phenotype of Rgs10-null microglia can be reversed by lentiviral-mediated restoration of RGS10
expression. In vivo gene transfer of RGS10 into the substantia nigra pars compacta (SNpc) of rats reduced microgliosis and protected
against 6-OHDA neurotoxin-induced death of dopaminergic (DA) neurons. Together, our findings suggest that modulation of RGS10
activity in microglia may afford therapeutic benefit in the treatment of chronic neuroinflammatory conditions as well as neuroprotection
against inflammation-related degeneration in Parkinson’s disease (PD), the second most common neurodegenerative disorder affecting
individuals over age 65.

Introduction
Microglia, the monocyte-derived resident macrophages of the
brain, are primarily responsible for performing innate immune
surveillance in the CNS (Puntambekar et al., 2008; Tansey and
Wyss-Coray, 2008). Microglia play a homeostatic role in the CNS
and respond to environmental stresses and immunological challenges by scavenging excess neurotoxins and removing dying cells
and cellular debris (Ransohoff and Perry, 2009). However,
chronically activated microglia overproduce soluble inflammatory mediators such as tumor necrosis factor (TNF), nitric oxide,
and interleukin-1, all of which have been demonstrated to enhance inflammation-induced oxidative stress in vulnerable neuronal populations (Moss and Bates, 2001; Liu et al., 2002; Block
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and Hong, 2005; McGeer et al., 2005; Mrak and Griffin, 2005;
Sawada et al., 2006). Therefore, elucidation of molecular regulators of microglial responses that affect neuronal survival during
chronic inflammatory stress is of great importance as it may reveal opportunities for novel anti-inflammatory strategies to prevent or delay onset of chronic neurodegenerative disease.
Neuroinflammation has been strongly implicated in the
pathophysiology of Parkinson’s disease (PD) (for review, see
Tansey et al., 2007). Two recent microarray studies reported increased expression of genes encoding inflammatory cytokines,
subunits of the mitochondrial electron transport chain, and programmed cell death pathways as well as decreased expression of
several glutathione-related genes in the lateral tier of substantia
nigra (SN) (Duke et al., 2007; Simunovic et al., 2009), the brain
region where vulnerable dopaminergic (DA) neurons are located
and lost in patients with PD. Moreover, a role for neuroinflammation in PD is supported by epidemiological studies that suggest chronic use of nonsteroidal anti-inflammatory drugs may be
protective against development of PD (for review, see Tansey and
Goldberg, 2010).
The Regulator of G-protein Signaling 10 (RGS10) is a 20 kDa
protein belonging to a family of highly conserved RGS proteins
(Hunt et al., 1996) that negatively regulate G-protein-coupled
receptor (GPCR) signaling by virtue of their GTPase activating
protein (GAP) activity at G␣ subunits (Ross and Wilkie, 2000;
Sierra et al., 2002). RGS10 is abundantly expressed in the immune
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system and in a broad range of brain regions including the hippocampus, striatum, and dorsal raphe (Gold et al., 1997). Although RGS10 protein has been detected in a number of
subcellular compartments in mouse neurons and microglia
(Waugh et al., 2005), its exact physiological function in either cell
type is unknown. Phosphorylation of RGS10 by PKA at Ser-168
induces translocation of RGS10 from the plasma membrane and
cytosol into the nucleus (Burgon et al., 2001), but it is not known
whether it participates in regulation of gene transcription. Previously we reported that RGS10-deficient mice displayed increased
microglial burden in the CNS and exposure to chronic systemic
inflammation resulted in degeneration of nigral DA neurons (Lee
et al., 2008), a parkinsonian phenotype. Our present study identifies RGS10 as a negative regulator of NF-B-dependent inflammatory factor production in activated microglia in vitro and in
vivo and demonstrates the neuroprotective effects of microglial
RGS10 gene transfer in a rat model of parkinsonism.

Materials and Methods
Animal studies. Experimental procedures involving use of animal tissue
were performed in accordance with the NIH Guidelines for Animal Care
and Use and approved by the Institutional Animal Care and Use Committee at The University of Texas Southwestern Medical Center (Dallas,
TX) and at Emory University School of Medicine (Atlanta, GA).
RGS10⫺/⫺ mice, generated as previously described (Lee et al., 2008),
were re-derived on a C57BL/6 strain for us by Jackson Laboratory and
have been back-crossed for over 10 generations. Young adult Sprague
Dawley SASCO rats (200 –250 g) were purchased from Charles River
Laboratories. Animals were housed in climate controlled facilities staffed
with certified veterinarians.
Cell culture. Primary microglial cells were harvested from mouse pups
(n ⫽ 6 – 8 per genotype) at postnatal day 3– 6 (P3–P6). Briefly, the brain
cortices were isolated and minced. Tissues were dissociated in 0.25%
Trypsin-EDTA for 20 min at 37°C and agitated every 5 min. Trypsin was
neutralized with complete medium [DMEM/F12 supplemented with
20% heat-inactivated fetal bovine serum (Sigma), 1% penicillinstreptomycin, and 1% L-glutamine (Sigma)]. Mixed glial cultures were
maintained in complete medium at 37°C and 5% CO2 for 14 –18 d in
vitro. Once cultures reached 95% confluence, primary microglial cells
were harvested by mechanical agitation (150 rpm for 40 min). Isolated
microglia were plated in DMEM/F12 supplemented with 10% heatinactivated fetal bovine serum. The purity of the microglial cultures was
found to be ⬎95% as measured by CD68 (macrosialin) staining. Contamination with astrocytes (GFAP-positive cells) and neurons (MAP2positive cells) was ⬍5%.
The BV2 mouse microglia cell line (Blasi et al., 1990) was grown in
DMEM/F12 (Sigma-Aldrich) supplemented with 5% heat-inactivated
fetal bovine serum (FBS, from Sigma-Aldrich) 1% penicillin/streptomycin, and 1% L-glutamine (Sigma-Aldrich) and serially passaged until
reaching 70% confluence. The murine dopaminergic cell line MN9D
(Choi et al., 1991) was grown in DMEM (Sigma-Aldrich) supplemented
with 10% Fetal Clone III (from Hyclone) and 1% penicillin/streptomycin and serially passaged until reaching 70% confluence. Terminal differentiation of MN9D cells into DA neuron-like cells was achieved with 5
mM valproic acid in N2 (Invitrogen)-supplemented serum-free DMEM
for 3 d. Primary mouse postnatal ventral mesencephalic neuron/glia cultures were prepared from mouse pups (n ⫽ 6 – 8 per genotype) at P2–P3.
Tissue was minced in ice-cold dissociation medium containing sterile
filtered DNase1 (1 l/ml, Invitrogen), Dispase II (1.2 U/ml, Roche), and
Papain (1 mg/ml, Sigma-Aldrich) dissolved in DMEM/F12 (Invitrogen)
for 30 min at 37°C with agitation every 10 min. Following mechanical
and chemical dissociation, mixed glial cells were filtered through a 40
m-pore filter (BD Falcon). Cells were plated into a 24-well plate (one 75
l microisland per well at a density of 1 ⫻ 10 6 cells/m) precoated with
poly-D-lysine (0.1 mg/ml) and laminin (20 g/ml) in Neurobasal-A medium (Invitrogen) supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 50 U/ml penicillin, 50 g/ml streptomycin. Microislands
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were allowed to adhere at 37°C in a humidified atmosphere of 5% CO2/
95% air for 30 min and subsequently supplemented with Neurobasal A
medium with B27 (Invitrogen), 1% penicillin-streptomycin, and 1%
L-glutamine (Sigma). Medium was replenished every 3 d by changing one
third of the total volume. After 7 d in vitro, cultures were treated in
quadruplicate with TNF (10 ng/ml), 6-OHDA (20 or 50 M) for 72 h or
pretreated 6-OHDA (20 M) for 18 h followed by TNF (10 ng/ml) for
72 h. Cells were fixed, permeabilized and processed for immunocytochemical analyses.
Small interfering RNA. RGS10-specific small interfering RNA (siRNA)
duplexes, nonsilencing control siRNA, and siRNA transfection reagents
were purchased from Santa Cruz Biotechnology. The siRNA transfection
was performed according to the manufacturer’s protocol. Final siRNA
concentration was 60 nM and siRNA optimization and validation have
been described previously (Lee et al., 2008).
Target effector assay. Assays were performed as described previously
using differentiated MN9D cells (target) plated in flat-bottomed 96-well
plates at a density of 7 ⫻ 10 3 cells/well and either primary postnatal
microglia or murine microglial BV2 cells (effector cells). LPS from E. coli
strain 0111:B4 (catalog #L4391) was purchased from Sigma-Aldrich.
Two days after transfer of microglia conditioned medium (CM), CellTiter 96 Aqueous Assay (Promega) was used to measure metabolic activity
of MN9D cells during the last 2– 4 h of a 2 d culture as a measure of cell
viability. Each experimental condition was performed in triplicate (or
quadruplicate in the case of experiments involving differentiated MN9D
cells) and three to four independent experiments were conducted to
confirm the results.
Phagocytosis assay. Primary microglia were isolated and plated at a
density of 50,000 cells/well in 96-well plates and allowed to adhere for 8 h.
A␤1– 42 (US Peptides) is dissolved in 12.5% acetonitrile and PBS, and
aggregated at a concentration of 50 M at 37°C for 2 h. Upon adherence,
cells were treated with LPS (10 ng/ml)/A␤1– 42 (1 M), macrophage
colony-stimulating factor (M-CSF) (50 ng/ml), or M-CSF (50 ng/ml)/
A␤1– 42 (1 M) for 18 h. Phagocytic activity measured using the Vibrant
Phagocytosis Assay using fluorescently labeled E. coli particle (Invitrogen). Fc-receptor-mediated phagocytosis was measured using the CytoSelect 96-Well Phagocytosis Assay (Cell Biolabs, Inc). Primary microglia
cells were harvested and plated in culture medium at 2 ⫻ 10 5 cells/ml and
incubated overnight at 37°C in 5% CO2 humidified air. Cells were plated
(100 l) in each well of a 96-well plate and treated with LPS (10 ng/ml)/
A␤1– 42 (1 M), M-CSF (50 ng/ml), or M-CSF (50 ng/ml)/A␤1– 42 (1 M)
for 18 h. IgG opsonized erythrocyte suspension was prepared by mixing
and incubating opsonization solution with the sheep erythrocyte suspension at a 1:500 dilution at 37°C for 30 min. Then, 10 l of IgG opsonized
erythrocytes suspension was added and incubated for 2 h. Culture medium was removed by gentle aspiration. Wells were washed and lysed
according to the manufacturer’s manual. Lysates were incubated with
substrate solution and the absorbance was measured at 610 nm in a
96-well plate reader.
Chemotaxis assay. Primary microglia cells were fluorescently stained
using 200 nM Mitotracker Red CM2-XROS (Invitrogen) for 30 min at
37°C and cells were washed in serum-free medium and then plated at 2 ⫻
10 5 cells per well in the insert provided by HTS FluoroBlok Multiwell
Insert System (BD Falcon). The inserts were placed in a feeder tray with 1
ml of serum-free medium in each well. Cells were allowed to adhere for
3 h in the incubator and then inserts were transferred to a seeder plate
which contains LPS (1 g/ml), medium containing 10% FBS or LPS (1
g/ml) plus medium containing 10% FBS for 18 h. Plate was read using
a bottom reading fluorescent plate reader at 585 nm excitation/620 nm
emission. Each experimental condition was performed in quadruplicate.
Multiplexed immunoassays. Murine microglial BV2 cells or primary
microglia were cultured in the presence of various concentrations of LPS
for 24 h. CMs from BV2 cells were used to measure the production of
cytokines and chemokines including murine IFN-␥, IL-1␤, IL-6, IL-10,
IL-12, KC, and TNF using a multiplex assay per the manufacturer’s instructions (Meso-Scale Discovery).
Lentivirus. The human full-length RGS10 DNA sequence or green
fluorescent protein (GFP) sequence were subcloned into a constitutive
self-inactivating lentiviral vector based on the plasmid pLV 5⬘ of an in-
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Figure 1. RGS10 limits production of microglial inflammatory mediators. Primary microglia
from WT or Rgs10-null (P4) mice were isolated as described in Materials and Methods. Cells
were plated at a density of 50,000 cells/well in 24-well plates and treated with PBS or LPS (10
ng/ml or 1 g/ml) for 24 h. Conditioned media were collected and inflammatory factor production was measured by multiplexed immunoassays (Meso-Scale Discovery). Values shown
are group means (n ⫽ 3) ⫾ SEM from one experiment, representative of four independent
experiments. Significant differences between vehicle and LPS within the genotype at *p ⬍
0.05, **p ⬍ 0.01, or ***p ⬍ 0.001, respectively. Significant differences between WT and
Rgs10-null group at ##p ⬍ 0.01 or ###p ⬍ 0.001 respectively. Values shown are group means
(n ⫽ 3) ⫾ SEM from one experiment, representative of three independent experiments.
ternal ribosome entry site (IRES). The GFP-expressing lentivirus has
been previously described and validated. (Pfeifer et al., 2002; Taylor et al.,
2006; McCoy et al., 2008; McAlpine et al., 2009; Harms et al., 2011).
Lentiviral vectors were VSV pseudotyped and RGS10 or GFP expression
was driven by the CMV/b-actin hybrid promoter (CAG). Viral vectors
were provided by the Hope Center Viral Vectors Core, a facility supported by a Neuroscience Blueprint Core grant (P30 NS057105) from
NIH to Washington University. The final titer was 1.6 ⫻ 10 9 IU/ml for
the lenti-RGS10 and 1.2 ⫻ 10 8 IU/ml for lenti-GFP control. All viruses
were diluted in HBSS (Invitrogen).
Immunocytochemistry. Cells were fixed and immunostained as described previously (Lee et al., 2008). Antibodies for RGS10 (1:200, Santa
Cruz Biotechnology), GFP (1:1000, Abcam), Tyrosine hydroxylase (TH)
(1:250, Millipore) and the appropriate Alexa-conjugated secondary antibodies (1:1000, Invitrogen) plus Hoechst 33258 as a nuclear counterstain were used. Images were captured with a CoolSnap CCD ES
monochromatic camera and analyzed with MetaMorph software (Universal Imaging Systems). Cells were incubated for 24 h at 4°C with anti-).
TH-positive cells in mixed glial cultures were quantified by IsoCyte laser
scanning imager (MDS Analytical Technologies).
Luciferase reporter assays. Primary microglia cells at a density of 1 ⫻
10 4 cells or BV2 cells at a density of 5 ⫻ 10 3 cells were plated in a Costar
96-well white clear-bottom plates (Fisher Scientific) and incubate for
24 h to adhere on the bottom of the plate. Cells then were transfected with
10 multiplicity of infection (MOI) of the inducible NF-B-responsive or
CREB-responsive firefly luciferase reporter and 1 MOI of the cignal lenti
renilla control using SureENTRY transduction reagent according to
manufacturer manual (SABiosciences). The next day, primary microglia
cells were treated either PBS (vehicle), 1 g/ml LPS or 10 ng/ml recombinant mouse (rm) TNF (R&D Systems) for 18 h. BV2 cells were transfected with siControl or siRGS10 plasmid for 24 h before the cells were
treated as indicated. At the end of the treatment period, firefly and renilla

Figure 2. RGS10 limits cytotoxicity of activated microglia on DA cells. Primary microglia from
WT or Rgs10-null (P4) mice were isolated as described in Materials and Methods. A, Primary
microglia were plated at a density of 50,000 cells/well in 24-well plates and treated with PBS or
LPS (10 ng/ml or 1 g/ml) for 24 h. Conditioned media were collected and transferred into
differentiated MN9Ds (10,000 cells/well in 96-well plate). Target effector assay (MTS viability
assay) was performed 48 h after incubation. Significant difference at ***p ⬍ 0.001 between
vehicle and LPS within the genotype. Significant differences at ##p ⬍ 0.01 or ###p ⬍ 0.001,
respectively, between WT and Rgs10-null group. Values shown are group means (n ⫽ 4) ⫾
SEM from one experiment, representative of three independent experiments. B, Target effector
assay using RGS10 siRNA or RGS4 siRNA transfected BV2 microglia as effector cells. BV2 cells
were plated at a density of 150,000 cells/well in 12-well plates and transfected with control
siRNA, RGS10 siRNA or RGS4 siRNA (final concentration at 60 nM) for 24 h. BV2 cells were treated
with PBS or LPS (10 ng/ml or 1 g/ml) for 24 h and conditioned media were collected and
transferred into differentiated MN9D cells. Viability of MN9D cells was measured 48 h after
addition of conditioned media. Significant differences between vehicle and LPS within the
group at *p ⬍ 0.05 or ***p ⬍ 0.001, respectively. Significant differences between the groups
(siCon and siRGS10 group, siRGS10 and siRGS4 group, or siCon and siRGS4 group) at #p ⬍ 0.05,
##
p ⬍ 0.01, or ###p ⬍ 0.001, respectively. Values shown are group means (n ⫽ 4) ⫾ SEM from
one experiment, representative of two independent experiments. C, Western blot analysis of
RGS10 and RGS4 in BV2 cells 24 h after transfection of siRNAs for control, RGS10, or RGS4.
Expression levels were determined by densitometry and normalized to ␣-tubulin expression.

luciferase activities were determined using the Dual-Glo Luciferase Assay
System (Promega). The amount of firefly luciferase activity of the transfected cells was normalized to renilla luciferase activity. Data are
expressed as the relative luciferase activity compared with the vehicle-
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Figure 3. Effects of RGS10 deficiency on phagocytosis and chemotaxis. Primary microglia
from Rgs10-null (P4) mice were isolated as described in Materials and Methods. Cells were
plated in 96-well plates at a density of 50,000 cells/well and treated with LPS (10 ng/ml)/
A␤1– 42 (1 M), M-CSF (50 ng/ml), or M-CSF (50 ng/ml)/A␤1– 42 (1 M) for 18 h. A, Phagocytic
activity against E. coli particles was measured using the Vibrant Phagocytosis Assay using fluorescently labeled E. coli particles (Invitrogen) as described in Materials and Methods. B, Fcreceptor-mediated phagocytosis assay were performed using CytoSelect 96-Well Phagocytosis
Assay (Cell Biolabs, Inc) as described in material and method. C, Fluorescently (Mitotracker Red)
labeled primary microglia were plated at a density of 200,000 cells/insert. Inserts were transferred to a seeder plate which contains LPS (1 g/ml), medium containing 10% FBS or LPS (1
g/ml) plus medium containing 10% FBS for 18 h. Chemotaxis was measured by reading
fluorescence at 585 nm excitation/620 nm emission. Significant differences between vehicle
and treatments within the genotype at *p ⬍ 0.05, **p ⬍ 0.01, or ***p ⬍ 0.001 respectively.
Significant differences between WT and Rgs10-null group at ###p ⬍ 0.001. Values shown are
group means (n ⫽ 4) ⫾ SEM from one experiment, representative of three independent
experiments. fAb, Fibrillar amyloid ␤.
treated cells. Data presented are from one experiment representative of
three independent experiments.
Western blots. Cells were lysed with 1% NP-40, 10 mM Tris, pH 7.4, 150
mM NaCl, 100 g/ml PMSF, and protease inhibitor mix (Sigma) for 30
min on ice. Lysates were resuspended in 2⫻ Laemmli sample buffer and
loaded on precast 12% SDS-PAGE gels (Bio-Rad), transferred onto
PDVF membranes (Millipore), and probed with anti-IkB (1:200), antip65 (1:200), anti-p50 (1:200) and ␣-tubulin (1:1000) antibody (Santa
Cruz Biotechnology) plus the appropriate HRP-conjugated secondary
antibody (1:5000, Jackson ImmunoResearch Laboratory). Immunoreactive bands were visualized with SuperSignal West Femto HRP substrate
(Thermo Fisher Scientific) according to the manufacturer’s instructions.
Membranes were stripped with 0.2 M glycine, 1% SDS and 0.1% Tween
20, pH 2.2 and reprobed as necessary.
Stereotaxic surgery. Young adult female Sprague Dawley rats (200 –250
g) were used for intrastriatal 6-OHDA lesions performed as described
previously (McCoy et al., 2008) using the following stereotaxic coordinates: AP, ⫺1.2 mm from bregma; ML, ⫺3.9 mm; DV, ⫺5.0 mm below
surface of the dura. A total of 4 l of 6-OHDA or saline was infused into
the striatum on the right hemisphere at the rate of 0.5 l/min. A second
burr hole was drilled to allow a single unilateral injection of 2 l of
lenti-RGS10 (n ⫽ 8) or lenti-GFP (n ⫽ 7) using a 28-gauge needle at a
rate of 0.5 l/min into the substantia nigra pars compacta into the nigra
on the right side of hemisphere at the following coordinates: AP, ⫺5.3
mm from bregma; ML, ⫺2.3 mm; DV, ⫺7.3 mm below surface of dura.
Postoperatively and for the following 3 d, animals received subcutaneous
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Figure 4. RGS10 negatively regulates NF-B activation in LPS and TNF-treated primary
microglia and restoration of RGS10 is sufficient to reverse the NF-B activation in LPS and
TNF-treated BV2 microglia. Primary microglia from Rgs10-null (P4) mice were isolated as described in Materials and Methods. A, Cells were plated at the density of 200,000 cells/well in
12-well plates and treated with LPS (1 g/ml) for indicated times. Western blot analysis were
performed to measure expression of NF-B signaling proteins (expressions were determined by
densitometry and normalized to ␣-tubulin expression). Data are representative of two independent experiments. B, C, Primary microglia were plated at the density of 15,000 cells/well in
96-well plates. Cells were transfected with the inducible NF-B-responsive firefly luciferase
reporter and the Cignal lenti renilla as described in Materials and Methods. Cells were treated
with LPS (1 g/ml) (B) or TNF (10 ng/ml) (C) for 18 h. D, Primary microglia were isolated from
WT and RGS10-null mice and plated at the density of 15,000 cells/well in 96-well plates. Cells
were transfected with the inducible NF-B-responsive firefly luciferase reporter and the Cignal
lenti renilla as described in Materials and Methods and infected with lenti-GFP or lenti-RGS10
(⬃7.5 ⫻ 10 5 EU) for 24 h before LPS or TNF treatments. Cells were then treated with LPS (1
g/ml) or TNF (10 ng/ml) for 18 h and luciferase assay was performed and values were normalized to renilla activity. E, BV2 cells were plated at the density of 5000 cells/well in 96-well
plates. Cells were transfected with reporter as described above. Cells were then transfected with
control siRNA, RGS10 siRNA or lenti-RGS10 virus for 24 h followed by LPS (1 g/ml) or TNF (10
ng/ml) treatment for 18 h. Luciferase assay was performed values were normalized to renilla
activity. Significant differences between vehicle and LPS within the genotype at *p ⬍ 0.05,
**p ⬍ 0.01, or ***p ⬍ 0.001, respectively. Significant differences between WT and Rgs10-null
group at #p ⬍ 0.05, ##p ⬍ 0.01, or ###p ⬍ 0.001 respectively. Values shown are group means
(n ⫽ 4) ⫾ SEM from one experiment representative of three independent experiments.

injections of the buprenomorphine HCl (0.05 mg/kg) and were monitored closely for signs of pain or discomfort.
Perfusions and tissue processing. At 3 weeks postlesion, animals were
deeply anesthetized with Euthasol (pentobarbital sodium and phenytoin
sodium) and intracardially perfused as described previously (McCoy et
al., 2008). Tissue was processed as described previously (McCoy et al.,
2008). Coronal sections (30 m thickness) were cut through the striatum
and substantia nigra pars compacta (SNpc) on a Leicacryostat and
mounted on glass slides (SuperFrost Plus; Fisher Scientific) for immunohistological analyses and stereological estimate of DA neuron number.
Immunohistochemistry. For bright-field immunohistochemistry, sections on glass slides were performed using previously published DAB
protocols (Taylor et al., 2006; Harms et al., 2011). The following antibodies were used: TH (1:5000, Millipore); Neuronal nuclei (NeuN) (1:2000,
Millipore); biotinylated secondary antibodies (1:200, Vector Laboratories); neutravidin-HRP (1:5000, Thermo Scientific). For immunofluo-

Lee et al. • RGS10 Gene Transfer Anti-Inflammatory and Neuroprotective

J. Neurosci., August 17, 2011 • 31(33):11879 –11888 • 11883

A

no infection
Hoechst

RGS10

Merge

Hoechst

RGS10

Merge
Me
Merge

Hoechst

GFP

Merge

Lenti-RGS10

Lenti-GFP

B

WT

10
FP
GS
ti-R
ti-G
len
len
+
+
KO
KO

RGS10
1.0

0.0

1.25

α−tubulin

C

µ

µ

µ

µ

Figure 5. Restoration of RGS10 is sufficient to reverse the proinflammatory phenotype of Rgs10-null microglia. Primary microglia from Rgs10-null (P4) mice were isolated as described in Materials and Methods. Cells were plated at a density of 50,000
cells/well in 24-well plates and infected with lenti-RGS10 or lenti-GFP virus for 48 h. A, Immunofluorescent labeling of the GFP or
RGS10 in primary RGS10-null microglia to confirm the expression of GFP and RGS10 after transduction. Scale bar, 100 m. B,
Western blot analysis of RGS10 in RGS10-null primary microglia after 24 h of viral transduction with lenti-RGS10 or lenti-GFP virus. Expression levels were determined by densitometry and normalized to ␣-tubulin expression. C, Primary microglia were plated at a density of
50,000cells/wellin24-wellplatesandinfectedwithlenti-RGS10orlenti-GFPvirusfor48h.CellsweretreatedwithPBSorLPS(1 g/ml)for
24 h. Conditioned media were collected and inflammatory factor production was measured by multiplexed immunoassays (Meso-Scale
Discovery). Significant differences between vehicle and LPS within the group at *p ⬍ 0.05 or ***p ⬍ 0.001 respectively. Significant
differencesbetweenlenti-GFPandlenti-RGSgroupat #p⬍0.05or ###p⬍0.001,respectively.Valuesshownaregroupmeans(n⫽4)⫾
SEM from one experiment, representative of three independent experiments.

rescence, sections on glass slides were fixed for
an additional 15 min in 4% paraformaldehyde,
followed by a 1 ⫻ PBS rinse, pH 7.4. Sections
were incubated in 0.2 M glycine, pH 7.4, for 30
min to minimize tissue autofluorescence caused
by the aldehyde fixative. Sections were permeabilized for 35 min in TBS containing 0.3% Triton X-100 and 1% normal donkey serum (NDS),
followed by blocking for 60 min in TBS containing 1% NDS. Sections were incubated in
primary antibody for 24 h at 4°C in TBS containing 0.1% Triton X-100 and 1% NGS. TH
(MAB318, Millipore) (1:250), Iba1 (Wako
Pure Chemical Industries, Ltd.) (1:250),
RGS10 (C-20, Santa Cruz Biotechnology) (1:
200) followed by the appropriate Alexaconjugated secondary antibodies (1:1000,
Invitrogen). Nonimmune IgG sera at the
same concentration as the primary antibodies were used to confirm the specificity of
staining.
Confocal microscopy. Images of Iba1⫹ microglia (red), RGS10⫹ cells (green), and TH⫹
cells (blue) in the ventral midbrain 3 weeks after lenti-RGS10 transduction were acquired
using an Olympus FV1000 Laser Scanning
Confocal system attached to an Olympus IX81
microscope. Images (12 bits/pixel) and optical
slices for a Z-stack series were obtained using a
100⫻ (1.45 numerical aperture) objective at
the best resolution (0.38 m interval step slices
at a sampling speed of 20 s/pixel) and processed for analysis using Olympus Fluoview
FV10-ASW (version 01.07.02.02) software and
Adobe Photoshop CS3 (version 10.0.1).
Quantification of microglia. Quantification
of Iba1⫹ cells was performed on images captured under 20⫻ objective lens on a Nikon 90i
fluorescence microscope using thresholding
analysis on Nikon Elements 5 software. Values
represent the mean ⫾ SEM of Iba1⫹ microglia
per field calculated from six separate brain sections (4 – 6 random fields per section) within
SNpc or a region of equal size in the entorhinal
cortex from 3 animals per genotype.
Stereology. StereoInvestigator analyses software
(MicroBrightField Inc.) was used to perform unbiased stereological counts of TH-immunoreactive
(TH-IR) cell bodies in the SNpc using the optical
fractionator method (West et al., 1991). For analysis, the treatment of the various brain sections
was blinded to the observer. The boundary of
SNpc was outlined under magnification of the
4⫻ objective. Cells were counted with a 40 ⫻
oil-immersion objective (1.3 NA) using a
Nikon 80i upright fluorescence microscope.
Serial sections through the extent of SNpc
were cut on a Leica CM1650 cryostat and
placed 6 per slide (cut thickness of 30 m
and final mounted thickness of 22 m) for
systematic analysis of randomly placed
counting frames (size 50 ⫻ 50 m) on a
counting grid (size of 190 ⫻ 130 m) and
sampled using an 18 m optical dissector
with 2 m upper and lower guard zones.
Every other slide was stained for TH/bisbenzimide. A DA neuron was defined as a THimmunoreactive cell body with a clearly
visible TH-negative nucleus.
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Statistical analysis. For culture experiments, differences treatments
among the different groups were analyzed by two-way ANOVA followed
by the Bonferroni post hoc test for p values significance. Differences
among means were analyzed using one-way ANOVA. When ANOVA
showed significant differences, comparisons between means were tested
by the Tukey–Kramer multiple-comparisons post hoc test. Left versus
right differences from the same animals were analyzed using two-tailed
paired Student’s t test. Values expressed are the group mean ⫾ SEM.
Values expressed are the mean ⫾ SEM; *p ⬍ 0.05; **p⬍ 0.01;***p ⬍
0.001 compared within the group. #p ⬍ 0.05; ##p⬍ 0.01; ###p ⬍ 0.001
compared between the groups.

Results
RGS10 limits inflammatory factor production by activated
microglia and cytotoxicity on dopaminergic cells
RGS10 is highly expressed in brain microglia (Waugh et al., 2005)
and we previously reported increased microglial burden in the
brains of RGS10-null mice (Lee et al., 2008), suggesting RGS10
may have a critical function in microglia activation. Therefore,
we investigated the resting and activated phenotype of primary
microglia isolated from RGS10-null mice with the intent to identify signaling pathways regulated by RGS10 in microglia. First, we
measured the production of inflammatory mediators in resting
microglia and after LPS stimulation. Multiplexed immunoassays
revealed that conditioned medium of LPS-treated primary microglia contained significantly higher amounts of TNF in a physiologically relevant concentration range and also increased levels
of other cytokines including IL-1, IL-6, IL-10, IL-12, and the
chemokine CXCL1 also known as KC or GRO-1 (Fig. 1). These
results were in agreement with previous findings in which conditional knockdown using siRNA oligo-specific RGS10 in the BV2
mouse microglia cell line resulted in enhanced LPS-evoked TNF
production and enhanced cytotoxicity on dopaminergic neuroblastoma cells (Lee et al., 2008). To further extend these findings
we investigated whether the enhanced proinflammatory profile
of activated RGS10-null microglia resulted in enhanced cytotoxicity on DA cells compared with that of activated wild-type (WT)
microglia. Using target effector assays, we found that conditioned
medium from LPS-treated RGS10-null microglia induced robust
death of MN9D cells in a dose-dependent manner compared with
CM from wild-type microglia (Fig. 2 A). To confirm the specificity of RGS10 for this microglia effector function we compared the
cytotoxicity of microglia after conditional knockdown of RGS4,
another RGS protein of similar molecular weight that is also expressed in microglia. Target effector assays using scrambled control siRNA, RGS4 siRNA, or RGS10 siRNA oligonucleotides in
the BV2 microglia cell line as effector cells confirmed the specificity of the RGS10 knockdown; only knockdown of RGS10, and
not RGS4, resulted in enhanced dose-dependent LPS-induced
toxicity of microglial-derived CM on terminally differentiated
MN9D dopaminergic cells (Fig. 2 B). To investigate whether
RGS10 also has a critical role in other microglia effector functions, we measured the phagocytic and chemotactic responses of
postnatal microglia isolated from wild-type versus RGS10-null
mice. We found that LPS plus fibrillar amyloid ␤, M-CSF, or
combinations of these agents elicited similar extents of phagocytosis of fluorescently labeled E. coli particles by both wild-type
and RGS10-null microglia (Fig. 3A) but lower extent of phagocytic activity of Fc-␥ receptor-mediated phagocytosis (Fig. 3B).
Last, we measured the chemotactic response of wild-type versus
RGS10-null microglia to serum-containing medium or serum
plus LPS and found a 20 –25% increase in chemotaxis but no
difference between genotypes (Fig. 3C). Together, these findings
support the idea that RGS10 primarily functions in an anti-

Figure 6. Restoration of RGS10 is sufficient to reverse the enhanced cytotoxic phenotype of
Rgs10-null microglia on dopaminergic cells. Primary microglia cells plated at a density of 50,000
cells/well in 24-well plates and infected with lenti-RGS10 or lenti-GFP for 48 h. Cells were
treated with PBS or LPS (10 ng/ml or 1 g/ml) for 24 h and conditioned media were collected
for target-effector assays. Cytotoxic effects on differentiated MN9D dopaminergic cells were
measured 48 h after incubation. Values shown are group means (n ⫽ 4) ⫾ SEM from one
experiment, representative of 3 independent experiments. Significant differences between
vehicle and LPS within the group at **p ⬍ 0.01 or ***p ⬍ 0.001 respectively. Significant
difference between lenti-GFP and lenti-RGS10 group at ##p ⬍ 0.01.

Figure 7. RGS10-deficient ventral midbrain primary neuron-glia cultures display increased
sensitivity to inflammatory and neurotoxic stimuli. Primary neuron/glia cultures from postnatal
mouse ventral mesencephalon were prepared as described in Materials and Methods. Cells were
plated in 24-well plates (one 75 l-microisland per well at a density of 1 ⫻ 10 6 cells/ml).
Experiments were performed in cultures after 7 d in vitro. Cells were treated in quadruplicate
with TNF (10 ng/ml), 6-OHDA (20 or 50 M) for 72 h, or pretreated with 6-OHDA (20 M) for 18 h
followed by TNF (10 ng/ml) for 72 h. Cells were fixed, permeabilized, and blocked according to
immunocytochemistry protocol. Cells were incubated for 24 h at 4°C with anti-TH (1:250;
Millipore)- and Alexa-488-conjugated secondary antibody (1:1000) (Invitrogen). Significant
differences between vehicle and treatments within the group at *p ⬍ 0.05 or **p ⬍ 0.01,
respectively. Values shown are group means (n ⫽ 4) ⫾ SEM from one experiment, representative of three independent experiments.

inflammatory role in activated microglia by limiting production
of Th1 cytokines and chemokines, thereby lessening cytotoxic
effects on vulnerable neurons during periods of neuroinflammatory stress. In a recent study, Nurr1, a transcription factor required for specification of dopaminergic neuron fate, was shown
to play this exact role in both microglia and astrocytes (Saijo et al.,
2009).
RGS10 negatively regulates NF-B activation in LPS- and
TNF-stimulated microglia
While RGS10 has never been reported to act as a transcription
factor or to be involved in regulation of gene transcription, pre-
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to reverse the enhanced NF-B signal after
LPS or TNF stimulation in RGS10-null microglia (Fig. 4D). To confirm and extend
these findings, we measured NF-B pathway activation in murine microglia BV2
cells after siRNA-mediated RGS10 knockdown and after restoration of RGS10 via
lenti-RSG10. In agreement with results obtained in RGS10-null microglia, RGS10
knockdown in BV2 cells significantly enhanced NF-B activity in response to LPS or
TNF stimulation (Fig. 4E). Importantly, reintroduction of RGS10 by lenti-RGS10 after
siRGS10 knockdown was sufficient to normalize the response NF-B activation response (Fig. 4E). Together, these results
suggest the anti-inflammatory function of
RGS10 is mediated via negative regulation
of NF-B-dependent gene transcription in
activated microglia and are consistent with
the proinflammatory phenotype of microglia
after genetic ablation or siRNA-mediated
knockdown of RGS10.
Restoration of RGS10 is sufficient to
reverse the proinflammatory and
cytotoxic phenotype of Rgs10-null
Figure 8. RGS10 gene transfer into the SNpc attenuates microgliosis in 6-OHDA-induced hemiparkinsonism in rats. Unilateral
microglia
lesion was induced by injecting 6-OHDA into the striatum of rats as described in Materials and Methods. A, B, Animals were
stereotaxically injected with 2 l of lentivirus-expressing GFP (A) or RGS10 (B) into the SNpc. Animals were perfused 3 weeks after Based on the above finding that lentiviralthe lesion and brains were processed for immunohistology. Dual-labeling immunofluorescence for the microglial marker Iba1 mediated restoration of RGS10 protein ex(Alexa-594) and the dopaminergic neuron marker TH (Cy5) in the ventral midbrain of WT mice. Scale bar, 200 m. Insets show pression in RGS10-null microglia or after
high-magnification images of Iba1-immunoreactive microglia. C, Quantification of Iba1⫹ cells per field in midbrain of 6-OHDA/ siRNA-mediated knockdown of RGS10 relenti-GFP or 6-OHDA/lenti-RGS10 rats (See Materials and Methods). Significant differences between contralateral (unlesioned) versed the exaggerated LPS- and TNFside and ipsilateral (lesioned) within the groups at ***p ⬍ 0.001. Significant differences between lenti-GFP and lenti-RGS10 induced activation of the NF-B pathway
groups at ###p ⬍ 0.001.
(Fig. 4), we expected that production of inflammatory factors by activated microglia
vious work from our group demonstrated that in resting microand their resultant cytotoxicity on DA cells would also be attenuated.
glia, RGS10 is expressed throughout both cytoplasmic and
To test this directly, we transduced RGS10-null microglia with lentinuclear compartments and upon stimulation with LPS (10 ng/
RGS10 or lenti-GFP (as negative control) and confirmed RGS10
ml) there is rapid and robust nuclear enrichment of RGS10 disexpression in ⬎99% of the cells by immunofluorescence labeling
cernible by 24 h after stimulation (Lee et al., 2008). Therefore, we
(Fig. 5A). We then collected CM from saline or LPS (1 g/ml)posited that nuclear RGS10 limits cytokine production in actitreated microglia and measured inflammatory factor protein levels
vated microglia by modulating NF-B pathway activation. To
by multiplexed immunoassays. Our analyses revealed that CM of
test this directly, we performed Western blot analyses to measure
lenti-RGS10-infected microglia contained significantly lower
expression of the NF-B subunits p65 and p50 in RGS10-null
amounts of TNF, IL-6, KC (CXCL1) proteins but slightly increased
microglia. We found increased levels of both p50 and p65 in
levels of IL-1 (Fig. 5B). To determine whether this reduction in
RGS10-null microglia compared with wild-type microglia, suglevels of proinflammatory cytokines was sufficient to attenuate
gesting that loss of RGS10 may contribute to dysregulated NF-B
cytotoxicity on terminally differentiated MN9D dopaminergic
pathway expression and/or activation (Fig. 4 A). To further test
cells, we performed target-effector assays. We found that CM
this directly, we measured NF-B-dependent transcriptional acfrom LPS-treated RGS10-null microglia in which RGS10 protein
tivity in resting or activated WT and RGS10-null microglia using
expression was restored with lenti-RGS10 exerted lower cytoxiclentiviral constructs encoding NF-B-luciferase reporter plasity on differentiated dopaminergic MN9D cells compared with
mids. We found that RGS10-null microglia displayed enhanced
CM from RGS10-null microglia transduced with lenti-GFP (Fig.
NF-B pathway activation in response to both LPS (Fig. 4 B) and
6). Together, our findings demonstrate that RGS10 negatively
TNF (Fig. 4C) compared with that of wild-type microglia. To
regulates NF-B pathway activation consistent with its ability to
determine whether RGS10 could acutely regulate NF-B pathlimit microglia-derived inflammatory factor production and cyway activation, we infected RGS10-null microglia with a lentiviral
totoxicity on dopaminergic cells. The implication of these findexpression plasmid encoding FLAG-tagged RGS10 (or GFP as
ings is that RGS10 may limit the vulnerability of primary DA
negative control) and compared their NF-B-luciferase signal
neurons from the ventral midbrain to the degenerating effects of
with that of wild-type microglia transduced with lenti-GFP at
exacerbated inflammation during neurotoxic insults. To test this
baseline and after LPS or TNF stimulation. In support of the
directly, we compared the sensitivity of DA neurons (tyrosine
hypothesis that RGS10 is a negative regulator of NF-B pathway
hydroxylase-positive neurons) in primary neuron-glia cultures from
activation, we found that reintroduction of RGS10 was sufficient
ventral mesencephalon from postnatal RGS10-null or wild-type
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that compromises DA neuron survival in
vivo could suppress overproduction of inflammatory factors by activated microglia
and afford neuroprotection to the nigrostriatal pathway.
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The oxidative neurotoxin 6-OHDA is a
mitochondrial complex I inhibitor com- Figure 9. RGS10 gene transfer in SNpc attenuates 6-OHDA-induced hemiparkinsonism in rats. Unilateral lesion was induced by
stereotaxically injecting 20 g of 6-OHDA into the striatum of rats and then animals were injected with lentivirus-expressing GFP
monly used in rodents to induce retro- (n ⫽ 7) or RGS10 (n ⫽ 8) into the SNpc as described in Materials and Methods. Animals were perfused 3 weeks after the lesion and
grade degeneration of the nigrostriatal brains were processed for immunohistology. A, Confocal immunofluorescence analyses of RGS10 (green), the microglial marker
pathway, the histopathological hallmark Iba1 (red) and the dopaminergic neuron marker TH (blue, pseudo color for Cy5) in the ventral midbrain. Scale bar, 10 m. B, TH
of PD. 6-OHDA-induced degeneration is immunohistochemical analyses were performed after unilateral lesions were induced by a single injection of 6-OHDA (b, d) into the
characterized by increased inflammatory right striatum followed by a single injection of lenti-GFP (n ⫽ 7) (b) or lenti-RGS10 (n ⫽ 8) (d) into the right substantia nigra pars
mediators including cytokines, nitric ox- compacta (a, c; contralateral unlesioned side). Scale bar, 450 m. C, Unbiased stereological estimate of DA neuron number
ide, and prostaglandins (Gao et al., 2008; (TH-positive cells) in ipsilateral (lesioned) SNpc or the contralateral (unlesioned) side. Significant differences between contralateral
the groups at **p ⬍ 0.01 or ***p ⬍ 0.001 respectively. Significant differences between lenti-GFP and
Koprich et al., 2008) and work from our side and ipsilateral within
##
group demonstrated that TNF-dependent lenti-RGS10 groups at p ⬍ 0.01.
neuroinflammation in the SNpc is required for 6-OHDA-mediated degeneration of nigral DA neurons (McCoy et al., 2006, 2008). Therefore, we investigated the
extent to which viral overexpression of RGS10 in ventral midbrain microglia attenuated their activation response in the SNpc
after an intrastriatal 6-OHDA lesion and afforded protection of
nigral DA neurons against 6-OHDA-induced degeneration. Under stereotaxic guidance, a unilateral intrastriatal injection of
6-OHDA was administered into the right hemisphere immediately
followed by a single injection of a lentivirus encoding RGS10 or GFP
(as negative control) into SNpc; importantly, the glial-selectivity of
this lentiviral vector has been established in previous studies (McCoy et al., 2008; Harms et al., 2011). Three weeks after administration of the 6-OHDA and lentiviral injections we measured
microglial burden by performing immunofluorescence analyses
with an antibody specific for the microglial-specific marker ionized calcium-binding adaptor molecule 1 (Iba1) (Ito et al., 1998).
These analyses revealed that 6-OHDA/lenti-GFP-injected rats
displayed robust microglia activation in SNpc (Fig. 8 A, C),
whereas 6-OHDA/lenti-RGS-injected rats displayed microglia
activation similar to that in the unlesioned hemisphere (Fig.
8 B, C). Confocal examination of RGS10 expression in brain secFigure 10. Model for the role of RGS10 in microglia activation and dopaminergic neuron
tions immunostained with anti-RGS10 antibody confirmed that
survival. RGS10 negatively regulates NF-B signaling and thus limits production of microglialmicroglia (Iba1⫹ cells) and not DA neurons (TH⫹ cells) in SNpc
derived inflammatory factors with neurotoxic activities on dopaminergic neurons; this imporwere transduced by the lentivirus; as expected lenti-RGS10tant function in microglia protects dopaminergic neurons from inflammation-induced
degeneration.
injected rats were found to positively express the RGS10 trans-
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gene and displayed higher levels of RGS10 immunoreactivity
compared with lenti-GFP-injected rats (Fig. 9A). To investigate
whether the in vivo anti-inflammatory effects of microglial
RGS10 gene transfer were also accompanied by neuroprotection
of DA neurons, the number of TH-positive neurons in SNpc was
estimated by unbiased stereology. We found that a single intranigral injection of lenti-RGS10 but not lenti-GFP given at the time
of a unilateral intrastriatal 6-OHDA lesion significantly attenuated death of TH-positive neurons (Fig. 9 B, C). These results
directly demonstrate that microglia-specific gene transfer of
RGS10 in vivo is an effective way to attenuate injury-induced
microgliosis and limit inflammation-related nigral degeneration
of DA neurons.

Discussion
The primary mechanism by which RGS proteins are thought
to participate in cell signaling events is via negatively regulation of G-protein coupled receptor (GPCR) signaling by virtue
of their GTPase activating protein (GAP) activity at G␣ subunits (Ross and Wilkie, 2000; Sierra et al., 2002). Although
several other RGS proteins in addition to RGS10 have been
shown to traffic to the nucleus (Chatterjee and Fisher, 2000;
Burchett, 2003), their extra-cytoplasmic roles have remained
unclear and underexplored primarily because most GPCRs are
present near the cell surface (Huang and Fisher, 2009). Previously, we observed nuclear enrichment of RGS10 in microglia in
response to inflammatory stimuli (Lee et al., 2008); here we provide compelling evidence that the functional significance of
RGS10 in the nucleus relates to its anti-inflammatory role as a
negative regulator of NF-B. Specifically, the present study demonstrates that by limiting activation of NF-B, a pathway known
to play a central role in reprogramming gene expression during
inflammatory responses and cellular stress (Karin and BenNeriah, 2000), RGS10 limits expression and production of proinflammatory cytokines that can have neurotoxic effects on
vulnerable dopaminergic (DA) neurons (Fig. 10). Nigral DA neurons are exquisitely sensitive to inflammatory stimuli and in particular to soluble TNF because of their high expression of TNF
receptor 1 (Aloe and Fiore, 1997; McGuire et al., 2001; Gayle et
al., 2002; Carvey et al., 2005), the canonical death receptor
(Tartaglia et al., 1993). In support of this, previous work from our
group demonstrated that lentiviral delivery of dominant-negative
TNF rescued nigral DA neurons from oxidative neurotoxin-induced
degeneration in rat models of parkinsonism (McCoy et al., 2006,
2008; Harms et al., 2011). Importantly, our finding that lentiviralmediated RGS10 gene transfer in vivo into microglia afforded
neuroprotection against neurotoxin-induced degeneration of nigral DA neurons has therapeutic implications and suggests that it
may be possible to harness the anti-inflammatory action of
RGS10 as a potential neuroprotective strategy to limit
inflammation-related degeneration.
The importance of molecular regulators of glial activation that
limit production of neurotoxic factors (such as TNF) that activate
nonautonomous cell death pathways in vulnerable dopaminergic
neurons has become increasingly recognized in recent years and
this has served to advance our understanding of the underlying
neuroinflammatory mechanisms that may contribute to the
pathogenesis of Parkinson’s disease (PD). In addition to the studies on RGS10 presented here, another example is the unexpected
finding that a transcription factor (Nurr 1) critical for dopaminergic fate determination during development (Saijo et al., 2009)
also functions in microglia and astrocytes to limit production of
proinflammatory cytokines through negative regulation of NF-
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B-dependent transcription. Thus, the mechanism by which loss
of Nurr 1 or loss of RGS10 compromise DA neuron survival is
overproduction of glial factors toxic to DA neurons. One speculative possibility is that loss of these and perhaps other protective
factors occurs with aging and leads to enhanced CNS inflammation, increased vulnerability to inflammation-induced degeneration, and increased risk for development of PD. If this is true, it
may be possible to restore glial levels of these factors in the nigra
via therapeutic gene transfer to protect vulnerable DA neurons.
Modulation of innate immune responses and in particular
manipulation of molecular regulators of microglia activation
such as RGS10 may represent a novel avenue for therapeutic
intervention in the management of neurodegenerative diseases
such as PD and AD. In essence, the functional outcome of shifting
the phenotype of activated microglia from neurotoxic to neuroprotective will depend on whether or not the particular intervention attenuates microglia effector functions that compromise
neuronal survival and accelerate neuronal death or inflicts collateral damage by compromising immune function (Wyss-Coray
and Mucke, 2002). Several epidemiological studies suggest that
chronic use of nonsteroidal anti-inflammatory drugs (NSAIDs)
can lower risks for development of PD in humans by 46% (Chen
et al., 2003, 2005; Samii et al., 2009). Although the exact molecular mechanisms targeted by NSAIDs to lower risk have yet to be
clearly identified, they are generally thought to include attenuated production of prostaglandins which potentiate overproduction of proinflammatory factors by activated microglia. Indeed,
the role of microglia activation and the innate immune system in
neurodegenerative diseases is now supported by the recent genetic association between the human leukocyte antigen (HLA)
class II gene HLA-DRA and late-onset sporadic PD in a genomewide association study (Hamza et al., 2010). HLA genes are encoded within the human major histocompatibility complex and
form the basis for adaptive and innate immune responses.
HLA-DR molecules are expressed by antigen-presenting cells,
including microglia in the brain and HLA-DR microglia are
found in large numbers in postmortem brains of PD patients
(McGeer et al., 1988). Together, these findings strongly suggest
there is a good deal of cross talk between the immune system and
the brain and it is likely that the aging process as well as environmental exposures and/or brain trauma may fundamentally alter
this process and contribute to neurodegeneration (Lucin and
Wyss-Coray, 2009). Stronger interdisciplinary approaches by
neuroscientists and immunologists to elucidate the key molecular and cellular pathways that regulate neuroimmune communication and microglia effector functions in the brain will be
needed and are expected to reveal novel targets for therapeutic
intervention in the clinic.
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